Introduction
Breast cancer represents one of the foremost threats to women's health. 1, 2 There are three major subtypes of human breast cancer: endocrine-related/dependent breast cancer (estrogen receptor positive), 3, 4 human epidermal growth factor receptor 2 (HER2)-positive breast cancer [5] [6] [7] and triple-negative breast cancer (TNBC) (estrogen receptor negative, progesterone receptor negative and HER2 negative). 8, 9 While there are effective treatment strategies for endocrine-related/dependent breast cancer (tamoxifen and fulvestrant), [10] [11] [12] [13] and antibody treatments (trastuzumab) [14] [15] [16] can effectively attenuate the progression of HER2-positive breast cancer, there is no effective therapeutic intervention for TNBC. Therefore, it is important to identify novel therapeutic molecular targets for TNBC treatment.
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Meng et al uPA expression increases severalfold. 23 Recently, uPA has been recognized as one of the key regulators of the metastatic processes related to human cancer. 24 With a high degree of substrate specificity, uPA cleaves and activates the matrix metalloproteinases (MMPs) that break down the extracellular matrix (ECM) of cancer cells and, in turn, promote the invasion and migration of human cancers. 25, 26 Inhibition of uPA represents a promising approach to the prevention and treatment of human cancer metastasis.
MicroRNAs (miRs) are a series of non-coding RNAs in mammalian cells that function as post-transcription regulators by targeting the 3′ untranslated region (UTR) of the targeted gene's mRNA. [27] [28] [29] [30] Recent research has focused on miRs as a promising approach to inhibit the proliferation, invasion and migration of human cancer cells. [31] [32] [33] [34] In the present work, an online tool (miRDB) identified miR-645 as potentially targeting uPA; miR-645 received the software program's highest score. Infection of miR-645 lentiviral particle (LV-645) significantly decreased uPA expression. Transfection of an uPA expression vector with either a mutated miR-645 target sequence or a miR-645 inhibitor almost blocked the inhibitory effect of LV-645 on uPA expression. LV-645 infection significantly decreased uPA expression and inhibited the cleaving of pro-MMP-9. The in vivo data showed that LV-645 significantly inhibited the invasive growth of MDA-MB-231 cells in the liver organs of nude mice.
Material and methods
Plasmids and reagents
The expression vector for uPA (PLAU gene) (Cat. No CH820007) was purchased from Vigene Corporation, Jinan City, Shandong Province, People's Republic of China. The expression vector for the uPA lentivirus particles with the mutated miR-645 target sequences in the 3′ UTR was constructed by Vigene Corporation; the miR-645 lentivirus particles were also purchased from Vigene Corporation. 
immunoprecipitation and biochemical cleavage assay
The MDA-MB-231 cells that were infected with either LV-645 or the control miRNA were harvested and lysed in the immunoprecipitation buffer 18-24 hours after culture at 4°C. The co-immunoprecipitation analysis was performed following methods that have been previously described in the literature. 37, 38 Briefly, the cell lysate was incubated with the anti-uPA antibodies and the Protein A magnetic beads that had been linked with a secondary antibody (goat to rabbit). The uPA proteins in the MDA-MB-231 cell lysate were isolated by the Protein A magnetic beads. The amount of uPA in the cell lysate (input) or attached to the Protein A magnetic beads (immunoprecipitated uPA) was examined using western blot experiments.
The biochemical cleavage assay that was used to measure the uPA cleavage of pro-MMP-9 was performed as described by Zhao et al, 2008 . 39 The recombinant pro-MMP-9 protein was purified and isolated by our lab using the methods that have been previously described in the literature. 39, 40 Protein A magnetic beads with attached uPA proteins were incubated with pro-MMP-9 protein (0.005 mol/L). 39, 40 Silver staining 
in vivo tumor growth (intrahepatic TnBc tumor model)
The animal experiments were approved by the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Xi'an Jiao Tong University. All the animal studies were conducted in accordance with the U.K. Animals (Scientific Procedures) Act of 1986 and the associated guidelines. As discussed above, MDA-MB-231 cells that had been infected with LV-645, control miRNA or LV-645+ uPA Mut were seeded into four-to six-week old nude mice to prepare the subcutaneous TNBC tumor model. After the subcutaneous tumors were formed, the tumor tissues were collected in the form of microtissue samples (0.2 × 0.2 × 0.2 mm). The microtissues were adhered to the surface of the nude mice's livers using biological-medical gel (Cai-Hong-Yi-Xue-SheBei Corporation, Kunming City, Yunnan Province, People's Republic of China). 44, 45 After four to eight weeks of growth, the mice were harvested. The liver organs with nodules formed by the MDA-MB-231 cells were collected for Masson staining, following the methods described by Shao et al and Xie et al. 46, 47 The photographs of the Masson staining were quantitatively analyzed to determine the relative invasive growth of the MDA-MB-231 cells using the ImageJ software, following the methods descripted by Shao et al and Xie et al. [46] [47] [48] The thickness of the nodules or liver organs was determined, and the relative invasive growth of the MDA-MB-231 cells in the nude mice's livers (the nodule thickness relative to that of the liver organ) was calculated as follows: (the nodule thickness of the control group)/(the liver organ thickness of the control group) × 100% or (the nodule thickness of the administration group)/(the liver organ thickness of the administration group) × 100%. The inhibition rate of each group was calculated as follows: ([the control group relative invasive growth) -(the administration group relative invasive growth])/(the control group relative invasive growth) × 100%.
statistical analysis
The western blot bands were analyzed using the ImageJ software. The relative expression of the targeted proteins was calculated as follows: (the indicated group intensity of the targeted protein bands)/(the indicated group intensity of the loading control bands). The statistical analysis was performed using Bonferroni correction with or without two-way analysis of variance, SPSS software (IBM Corporation, Armonk, NY, USA). P-values 0.05 were considered statistically significant.
Results
Transduction of mir-645 decreased uPa expression by targeting the 3′ UTr of the uPa mrna
First, we examined uPA expression in several breast cancer cell lines. As shown in Figure 1 , uPA expression was much higher in the MDA-MB-231 cells (an aggressive TNBC cell line) than in the MCF-7, ZR-75-1, BT474 or SK-BR3 cells (representing other types of breast cancer). Next, the effect of miR-645 on uPA expression in the MDA-MB-231 cells was examined. As shown in Figure 2A Transduction of mir-645 inhibited the cleaving of pro-MMP-9
An in vitro biochemical assay was used to investigate the effect of miR-645 on the ability of uPA to cleave pro-MMP-9. As shown in Figure 3 , the uPA protein in the MDA-MB-231 
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Mir-645 targets to uPa in TnBc cells cells could be isolated and immunoprecipitated by the Protein A magnetic beads ( Figure 3 ). The LV-645 infection significantly decreased the amount of uPA protein in the MDA-MB-231 cells (input uPA) and the amount that could be isolated by the Protein A magnetic beads (immunoprecipitated uPA). Transfection of uPA Mut almost blocked the effect of LV645 on the uPA expression levels ( Figure 3A) . The results from the biochemical assays revealed that the uPA protein isolated by the Protein A magnetic beads directly cleaved the purified pro-MMP-9 protein ( Figure 3A and B) . The bands of the pro-MMP-9 or the cleaved act-MMP-9 were examined using silver staining ( Figure 3A and B) . Next, to examine the specificity of miR-645's inhibitory function, the loading amount on the beads of the uPA that had been isolated by the Protein A magnetic beads was increased to make equal uPA loading amounts (amount pf uPA loaded into the gel) in the control group, the LV-645 group and the LV645+ uPA Mut group ( Figure 3B ). As shown in Figure 3B , the amount of pro-MMP-9 cleaving was the same in all three groups. Therefore, miR-645 inhibited the expression of uPA but did not affect the enzyme activation of uPA in the MDA-MB-231 cells. 
Transduction of mir-645 inhibited the subcutaneous growth of the MDa-MB-231 cells in nude mice
Transduction of mir-645 inhibited the invasive growth of the MDa-MB-231 cells in the nude mice's liver organs
To examine whether miR-645 inhibits the invasion or migration of MDA-MB-231 cells, transwell assays were performed. As shown in Figure 5 , miR-645 significantly inhibited the in vitro invasion ( Figure 5A ) or migration ( Figure 5B ). Transfection of miR-645 inhibitor or mutated uPA almost blocked the inhibitory effect of miR-645 on the in vitro invasion ( Figure 5A ) or migration ( Figure 5B) . Moreover, the inhibitory activation of miR-645 is more obvious on invasion-transwell experiments compared with migration-transwell experiments of MDA-MB-231 cells.
Transplantation of MDA-MB-231 cells into the nude mice's liver organs was used as a model to mimic the in vivo invasive growth of MDA-MB-231 cells. As shown in Figure 6 , the MDA-MB-231 cells broke the surface of the liver organs, destroyed the liver organ tissues and invasively grew into the liver organs. LV-645 infection significantly Mut were harvested for iP experiments. The uPa proteins in the MDA-MB-231 cell lysate were isolated using Protein A magnetic beads. Then, the Protein A magnetic beads were incubated with purified recombination pro-MMP-9 proteins. (B) The amount loaded into the gel of uPa protein on the Protein a magnetic beads was enhanced to make the uPa amount equal in all groups. The cleaving of pro-MMP-9 protein is shown through silver staining, and the uPa protein levels are shown as western blot results. Abbreviations: iP, immunoprecipitation; lV-645, mir-645 lentiviral particle; MMP, matrix metalloproteinase; Mut, mutation; mir, microrna; uPa, urokinase plasminogen activator; UTr, untranslated region. 
Discussion
Invasion and migration are important factors that influence the prognosis of patients with malignant tumors. 49, 50 Cancer cells proliferate at the primary site to form tumor tissues, and under the combined influence of various cytokines and hypoxia in the tumor microenvironment, metastasis and invasion can occur. 49, 50 The ECM functions as a barrier to confine cancer cells within their primary origin site. 51, 52 During the invasion/migration process, ECM degradation can be induced by MMPs, a family of zinc-dependent enzymes that proteolytically degrade various ECM components; the pro-MMPs are cleaved and activated by uPA. [53] [54] [55] [56] Therefore, inhibition 
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Mir-645 targets to uPa in TnBc cells of uPA expression or activation is a promising approach to inhibit tumor invasion and migration. 57 In the present work, miR-645 was identified using an online tool (miRDB) as potentially targeting uPA. This targeting was confirmed by western blot experiments. Transduction with LV-645 inhibited uPA expression in MDA-MB-231 cells, while transfection of an uPA expression vector with a mutated miR-645 target site or a miR-645 Breast cancer remains the leading cause of death from cancer among women. 58 The prognosis of endocrine-related breast cancer and HER2-positive breast cancer has improved due to effective antitumor drugs. 59, 60 However, the prognosis and clinical outcomes of TNBC, which does not express estrogen receptors (ER), progesterone receptors (PR) or HER2, are far from satisfying. 61, 62 Although TNBC only accounts for a small portion (10%-20%) of all breast cancer cases, it has a high mortality risk and is more aggressive than other breast cancer sub-types. 63 Given the absence of definitive therapeutic targets (ER, PR or HER2), only a few adjuvant treatments, such as conventional surgery, chemotherapy and radiotherapy, can provide any benefit for TNBC patients. 64, 65 In the present work, we used lentivirus particles to express miR-645 in MDA-MB-231 cells. Decreasing uPA expression through LV-645 significantly decreased the subcutaneous growth of the MDA-MB-231 cells. LV-645 infection also significantly decreased the invasive growth of the MDA-MB-231 cells in the nude mice's liver organs. This intrahepatic tumor model was used to better understand the invasion process of the TNBC cells. This model is more representative of the disease than other tumor metastasis models, for example, those that involve injecting cancer cells into the tail vein to form lung tumor nodules. 33, 34 As the massive capillary system in the lungs allows tumor cells to migrate throughout the entire organ, the pathological invasion process of human cancer cells cannot be mimicked by this model. In our intrahepatic tumor model, microtissues formed by MDA-MB-231 cells first break through the capsule on the liver surface and then invasively proliferate throughout the liver, eventually establishing tumor nodules. This intrahepatic tumor model is a more sophisticated and suitable model to mimic the invasive growth of cancer cells in a human organ. Recently, reports of miR-645 are rare and there are no reports that mentioned the function of miR-645 in TNBC. It has been confirmed that uPA is a promising target for TNBC treatment and enhances malignant potential of TNBC cells. Therefore, targeting uPA by miR-645 is a novel approach for TNBC treatment. [66] [67] [68] [69] Moreover, MDA-MB-231 is a most typical and convince cell line for TNBC research. The other models, eg, patient-derived xenograft model, are valuable to be used. 70, 71 Moreover, highly aggressive growth would be the foremost feature for human malignancy tumors. The invasion or migration of cancer cells was often measured by in vitro or in vivo models. Transwell experiments often were used to examine the in vitro invasion or migration of human cancers. Results indicated that the inhibitory activation of miR-645 is more obvious in invasion-transwell experiments compared with migration-transwell experiments of MDA-MB-231 cells. This may due to the fact that miR-645 inhibits the expression of uPA, which plays central roles in degradation of ECM during invasion process compared with migration process. Our work attempted to measure the invasive growth of MDA-MB-231, a TNBC cell line with a highly aggressive feature. To establish the metastasis model of breast cancer, cells often were injected into the lateral tail vein to mimic breast cancer liver metastasis. 33, 34 However, the massive capillary system in the lungs would induce the location of tumor cells in the lungs, and the pathological metastasis of breast cancer cells cannot be simply mimicked by these methods. ECM degradation induced by MMPs plays central roles in invasion of human cancers, and cleaving of MMPs by uPA is essential for their activation. In the present work, MDA-MB-231 cells were initially adhered in the surface of the liver and then invade into the liver. The aggressiveness of cells in the liver is related to the degradation of ECM. Therefore, the intrahepatic tumor model that mimics the breast cancer liver metastasis is more representative compared with the regular tumor metastasis model and would be a useful tool to evaluate the therapeutic efficiency of anti-tumor therapies. However, this model is highly suitable to mimic the invasive growth of breast cancer, but not easily to investigate the extravasation of cells from vessels to the secondary organs. There is an urgent need to establish a model that not only mimics the invasive growth of cancer cells but also reflects the extravasation of cancer cells from vessels to the secondary organs.
MiR is an important component of non-coding RNA molecules and the epigenetic regulation of human gene expression. 72 In the present work, we demonstrated that miR-645 targets uPA. We used miR-645 lentivirus particles to repress uPA expression and the invasive growth of MDA-MB-231 cells. Other miRs, such as miR-193b or RNA-23b, could also function as uPA regulators and participate in the regulation of human cancer metastasis. [73] [74] [75] [76] [77] Future studies should focus on the tissue specificity of these miRs for potential application in treating human cancers with diverse tissue origins.
Conclusion
This study demonstrated that uPA is targeted by miR-645. Infection of miR-645 lentivirus particles suppressed uPA expression and inhibits the invasive growth of MDA-MB-231 TNBC cells. Downregulation of uPA by miR-645 represents a promising strategy for TNBC treatment.
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